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Abstract
Classification of sediments according to their appear-
ance is one of the basic geomorphological techniques but 
should be carefully applied when target categorization 
is ambiguous. Thus, researchers often add quantitative 
information on grain size, mineralogical composition, 
and chronology. In this context, a mathematical approach 
published in 2013 distinguished the shape of quartz sand 
sampled from the three depositional landforms: beach, 
riverbank, and glacier foreland. In this study, we applied 
the same method to basal till, ice-marginal till and a 
deep-seated landslide (rock avalanche) deposit. The re-
sults indicated the difficulty of discrimination between 
glacial till and rock avalanche deposit using this method. 
The first, second and third principal components of the 
elliptic Fourier analysis of the all quartz samples were 
distributed within the same range. The fractal dimensions, 
each of which represents the roughness of a sand surface, 
did not indicate any difference between the basal till and 
ice-marginal till or between the till and rock avalanche 
deposit. On the other hand, the fractal dimensions were 
different between samples of different lithology. Abrasion 
on sand particles through the transportation by alpine 
glaciers or rock avalanche is probably not strong enough 
to modify the original shapes of quartz. In our study area, 
the higher proportion of mud in the basal till, which was 
measured by wet sieving, seems to be a helpful indicator 
to distinguish glacial sediments from rock avalanche de-
posits.
Key words: glacier, deep-seated landslide, grain shape, 
fractal dimension analysis, elliptic Fourier analysis
1. Introduction
Along the main ridges of the Japanese Alps, several 
researchers mapped many glacial landforms formed in 
the last glacial period (e.g. Iozawa, 1979, 2007; Koaze et 
al., 1974; Hasegawa, 2006). Comprehensive mapping of 
glacial landforms in the Japanese Alps using aerial pho-
tographs was performed by Tomoya Iozawa from 1960s 
to 1970s. His research has been highly recognized as 
he mapped the whole region from his own standardized 
viewpoint (Iwata, 2011; Ono, 2012). However, some of 
the identified glacial landforms were recently reinterpret-
ed as deposits of deep-seated landslides (rock avalanche) 
or other mass movements by dating and detailed analysis 
of the deposits (e.g. Tomita et al., 2010; Kariya et al., 
2011). These arguments revealed that the glacial landform 
origin for the Japanese Alps had been inadequately tested 
with sedimentological data. Keeping in mind this contro-
versial issue, this study tested a recently proposed method 
to identify the origin of sediments.
Suzuki et al. (2013, 2015) used an integrated method 
of elliptic Fourier and principal component analyses to 
produce quantitative macroscopic descriptors of grain 
shape, such as elongation and bump for each particle. 
They found that the first principal component of the el-
liptic Fourier descriptors related to more elongated sands 
in fluvial and foreshore environments than glacial and 
aeolian environments. In addition, the fractal dimension 
analysis by Suzuki et al. (2013) revealed that the surface 
of foreshore sands is smoother than that on riverbank, and 
the latter is smoother than the serrated sands on glacier 
foreland. Although their studies successfully discriminate 
glaciers from the other main agents of transportation, 
two contrastive types of glacial transportation were not 
included: high-level transport and low-level transport. 
The former process describes debris transport without 
contact with the glacier bed, and the latter basal transport 
which involves abrasion (e.g. Bennett and Glasser, 2009). 
Thus, we firstly applied the method by Suzuki et al. 
(2013) to compare basal till experienced basal transport 
with ice-marginal till mostly originated from high-level 
transport. Secondly, whether the shape of sands is a help-
ful indicator to distinguish rock avalanche deposits from 
glacial deposits.
2. Study area and sampling sites
Sediments were sampled in two glacial drainages (12 
sites) in the Upper Engadin, Swiss Alps, and from a large 
landslide deposit (3 sites) in the Japanese Alps (Fig. 1). 
Drainages at least partly consisting of granitic rocks were 
chosen to analyze coarse sands made of quartz. Quartz is 
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resistant to chemical weathering allowing to focus on me-
chanical processes during transportation. Considering that 
the maximum length of glaciers in the Japanese Alps was 
shorter than 10 km, we selected two drainages 1.5 to 3 
km long in the Swiss Alps, where the outermost moraines 
suggested the glacier terminus in the Little Ice Age (LIA). 
The drainage on the northern side of Piz Saluver (3160 
m asl.) was abbreviated S drainage in this study (Fig. 1). 
Basal till
Ice-marginal till (frontal moraine)
Ice-marginal till (lateral/medial m.)
Rock avalanche deposit
0                0.5   1 (km)
a
b
c
N N
N
Fig. 1  Sampling sites on topographic maps
   Piz Saluver area (a), Ospizio Bernina area (b) and Dondoko-sawa (c). Glacier outline (blue line) in the mid 2010s is also indicated. 
Contour interval: 50 m.
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The bedrock is composed of granite, granodiorite and to-
nalite (Peters, 2005). The undulating basin floor is widely 
covered with unsorted gravelly sediments. Two samples 
were taken on lateral and medial moraines of the upper 
reach (S1, S2). Two samples (S3, S4) were on low ridges 
where the basin slope becomes gentle. The sampling site 
S5 is a small mound on the basin bottom, damming up an 
outwash stream. The other two sites (S6, S7) are located 
on the latero-frontal moraine formed in the LIA maxi-
mum. 
The other glacial drainage is located on the northeast 
slope of Piz Cambrena (3601 m asl.), abbreviated O 
drainage because the glacier in this drainage is a sym-
bolic landscape from the nearby railway station Ospizio 
Bernina (Fig. 1). The western divide forming a steep high 
rockwall mainly consists of granitic rock, whereas the 
other part consists of crystalline schist (Spillmann and 
Trommsdorff, 2005). The upper two-thirds of the drain-
age (roughly above 2800 m asl.) were covered with a 
glacier in 2016, and sampling was performed in the west-
ern part of the lower reach. On the crest of a large medial 
moraine formed between the western and central units of 
the glacier, sandy matrix of the moraine was sampled (O1). 
Two sampling sites (O2, O3) were natural outcrops cut 
by an outwash stream on the bottom of the valley below 
the central unit of the glacier. The other two samples were 
taken from frontal moraines, one of which was formed in 
the recessional stage (O4) and the other (O5) in the maxi-
mum stage of LIA.
The rock avalanche deposit along Dondoko-sawa in 
the northern part of the southern Japanese Alps (Akaishi 
Range) was selected for this study (Fig. 1), because the 
steep valley filled with a 3 km long deposit which is as 
large as a landform often interpreted as a dissected old 
glacial valley in the Japanese Alps. The landslide dated 
to the late 8th to 9th century (Kariya, 2012). Huge blocks 
protrude the gentle but ragged forested terrain of the land-
slide deposit. From the outcrop on the middle part of the 
deposit (Loc. 1 in Kariya, 2012), one sample (D1) was 
taken from the relatively fine section of the coarse deposit 
and the other (D2) from the coarse section. The other 
sample (D3) was taken from an outcrop at the lower part 
of the deposit (Loc. 2 in Kariya, 2012).
3. Method
3.1. Sampling
A small cross section was excavated for each site to 
observe original structure and to obtain a sample. Gravels 
larger than 3 cm were removed during the sampling, and 
roughly 200 g of debris were collected at each site. In 
this study, we examine the shape of sand particles taken 
from the sediment with unambiguous origin. The glacial 
sediments of LIA suit this purpose, because the original 
topography and structure is well preserved. In addition, 
we relied on the evidences for the deep-seated landslide 
origin of the Dondoko-sawa deposit presented by Kariya 
(2012).
Although there are a number of ways and conflicts to 
distinguish glacial sediments (e.g. Bennett and Glasser, 
2009; Iwata, 2011), we simply identified well-compacted 
till including subangular gravels, which lies on the valley 
bottom, as basal till (S3, S4, O2, O3). To avoid inclusion 
of reworked fines by outwash, the convex part of bumpy 
topography was selected for the sampling positions. In 
contrast to the basal till, ice-marginal till in this study was 
sampled around the crests of moraine ridge mostly cov-
ered with angular gravels. We also confirmed that such 
sediments were loose and unsorted. Ice-marginal till was 
subdivided into till of lateral or medial moraines (S1, S2, 
S7, O1) and that of frontal moraines (S5, S6, O4, O5). 
The sampling sites of the frontal moraines included both 
angular and subangular gravels, which indicated mixing 
of debris transported with and without the contact with 
the basement.
3.2. Preparation of shape analyses
Samples were sieved under running water to mud 
(<0.063 mm), sand (0.063 to 2 mm), and gravel (≥2 mm). 
The mud ratio of the matrix (%), which is the weight of 
mud to the total weight of sand and mud, was calculated 
for each dried sample.
From the sieved sands of 0.5 to 1 mm in diameter, 40 
quartz particles were selected for each site to analyze 
shapes of sand particles. Two-dimensional images (1280 
× 1024 pixels) focusing on each particle were taken with 
the microscope VH-5500 (manufactured by KEYENCE) 
at 200 magnification. The images were converted into bi-
nary images using Photoshop CS4 (Adobe).
3.3. Mathematical analyses of grain shape
Fractal dimension (FD) has been used for quantitative-
ly evaluating the smoothness/roughness of an outline. As 
for Suzuki et al. (2013) modified pixel dilation (mPD) 
was applied in this study. The increase in pixels after 
each dilation, which means adding adjoining pixels to the 
original pixels, was counted, and the relationship between 
the number of pixels and the number of dilations was 
transformed into FD. The free software ImageJ was used 
for identifying the outermost pixels of a particle, dilation, 
and counting the pixels. 
The elliptic Fourier analysis describes the outline of an 
object on the x-y coordinates as a combination of a num-
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ber of sinusoidal functions. Combining the results with 
principal component analysis, descriptors representing 
macroscopic form such as roundness/flatness (elongation) 
and circular/triangular degree (bump) of the object were 
selected. The free software SHAPE was used for the el-
liptic Fourier and principal component analysis of quartz 
particles. For more details of the both methods, see Su-
zuki et al. (2013).
4. Results and discussion
The higher mud ratios of the basal till (24% to 37%) 
compared to those of the ice-marginal till (9% to 23%) 
were consistent with abrasion mechanism through basal 
transport (Fig. 2). The mud ratios around 20% of some 
ice-marginal till (S2, S5, S6, S7, O1) may reflect mixing 
with debris once transported along the glacier bed. The 
rock avalanche deposit contained a lower amount of mud 
than the basal till, whereas the ratios are similar to those 
of some ice-marginal till. The mud ratios of the rock ava-
lanche deposit concentrated in relatively small range.
The averages and the 95% confidence intervals of FD 
do not indicate any difference between the basal till and 
ice-marginal till (Fig. 3). Although the amount of suban-
gular gravels and mud implied that the basal till experi-
enced more abrasion than the ice-marginal till, abrasion 
by small alpine glaciers did not change the surface rough-
ness of the quartz sands. In addition, the higher abrading 
potential by longer transportation and higher velocity un-
der the glacier in the O drainage, which is larger than the 
glacier in the S drainage, did not result in smaller FD (i.e. 
smoother surface). 
On the other hand, most samples in the O drainage had 
higher FD than those of the S basin. The difference in FD 
irrespective of the positions against glaciers rather sug-
gests that the roughness of the quartz surface was differ-
ent before transport between the granite dominant S basin 
and the O basin mainly composed of crystalline schist. 
The FD values of the rock avalanche deposits were sim-
ilar to the values in the O basin and higher than those in 
the S basin. Considering the geological difference in the 
three areas, we cannot find any difference in FD between 
the till and rock avalanche deposit.
Contributions of the first, second and third principal 
S1
S2
S3
S5
S4
S6
S7
O1
O3
O2
D2
D1
D3O4
O5
Fig. 2   Mud ratio in grains smaller than 2 mm of basal till (B), 
ice-marginal till forming a frontal moraine (Mf), ice-mar-
ginal till forming a lateral or medial moraine (Ml) and 
rock avalanche deposit (RA)
Fig. 3  Averages and standard deviations of fractal dimensions (FD) for 40 particles at each site
   Sediments are distinguished into basal till (B), ice-marginal till forming a frontal moraine (Mf), 
ice-marginal till forming a lateral or medial moraine (Ml) and rock avalanche deposit (RA). The 
boxes indicate the 95% confidence interval (C.I.) of the averages.
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components of the elliptic Fourier analysis were 43%, 
18% and 16%, respectively. The first principal component 
(EF1) indicates elongation (true circle to ellipse), and the 
second and third principal components (EF2 and EF3) 
represent the magnitude of bump (Fig. 4). These three 
macroscopic forms were almost identical to the EF1, EF2 
and EF3 of Suzuki et al. (2013), although 19 of the total 
23 sampling sites in the previous study were located in 
non-glacial environments. The EF1 values vary within 
the same range (i.e. no difference) for all sites (Fig. 5). 
Neither of the bump components showed any difference.
Because principal components depend on the samples 
in statistics, same values in this study and in Suzuki et 
al. (2013) indicate different shape. However, the shapes 
corresponding with a single value are comparable (Fig. 
4). The samples in Suzuki et al. (2013) involved more 
ellipsoidal sands, which apparently reflects that abrasion 
through transportation by flowing water elongated the 
grains. Conversely, the moderately ellipsoidal shape in 
this study reflected less abrasion acting on the sands on 
the glacier bed.
The average FD values in this study are smaller than 
those of glacial sands (1.090 to 1.093) in Suzuki et al. 
(2013). This is because the previous study analyzed 
smaller particles (0.25 to 0.36 mm) and might have ob-
tained images more precisely focused using their pseu-
do-stereoscopic microscope with specific illumination. 
Suzuki et al. (2013)
This study
Fig. 4   Images showing the variation in grain shape represented 
by the 1st, 2nd and 3rd principal components (EF1, EF2, 
EF3) of the descriptors from elliptic Fourier analysis
   The images in the left and right columns show grains with high 
and low scores (scores plus or minus two times the value of the 
standard deviation, S.D.), respectively. Image of EF1 in Suzuki et 
al. (2013) is also shown to compare our samples with sands mostly 
taken from fluvial and coastal environments.
Fig. 5   Averages and standard deviations of the 1st principal component (EF1) indicating 
elongation for 40 particles at each site
   See Fig. 3 for the abbreviation.
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5. Remarks
We found that abrasion by relatively small alpine gla-
ciers, which produces mud and subangular gravels, does 
not modify the shape of coarse sands. To discuss small 
differences in the fractal dimension of particle outlines, 
the original shape of the particles in bedrock should be 
considered. We preliminarily conclude that discrimina-
tion between glacial and rock-avalanche origins of coarse 
sands is difficult based on shape analyses we applied. In-
stead, in steep mountain valleys, the coexistence of mud 
with more than 20% in matrix and subangular gravels 
supports the glacial origin rather than the rock-avalanche 
origin when the geological setting allows only limited 
production of mud through weathering. 
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